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Figure 4: Pq7 Static Pressure Probe for J85-CAN-15 Engine
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2.2.2 'Thrust is supplied to the CF-5D aircraft by two axial flow, turbojet
engines equipped with afterburners. Each engine is provided with an inlet
duct and a louvered auxiliary air inlet engine door on each side of the fuse-
lage.

2.2.3 In the TMS flight trials, CF-5D serial number 116801, was used in
the clean plus wingtip tank configuration. The test pilot used the
forward cockpit. A data recorder, TMS computer and a photopanel were
installed in the rear cockpit. The ejection seat and control column were
removed from the aft cockpit. The aircraft plus recorder and TS, less
pilot and fuel weighed 9730 lbs. The aircraft, as above, plus fuel and
aircrew weighed 14345 lbs. Figure 6 is a photograph of the test aircrafy,.
The TMS computer and data recorder installations are shown in Figure 7.

2.3 Thrust Measuring System Components
2.3.1 Thrust Computer System

2.3.1.1 The thrust computing system, shown in Figure 7, consists of a
special purpose digital computer, three pressure transducers and two
indicators. Additional inputs are required from the Central Air Data
Computer (CADC). The ComDev gross thrust calculation method is described
in Appendix I. The reference gross thrust calculation method is explained
in Appendix TI. The thrust indicator displays engine gross thrust in
pounds and the ratio, expressed as a percent, of the actual engine gross
thrust to the engine installed nominal value, military power, gross thrust
for the prevailing flight conditions. Three pressure transducers are used
to sense tailpipe pressures and provide data for the computer. Engine pressure
probes are mounted at engine stations 5,6 and 7 as depicted in Figure 8.
The computer solves thrust equations and outputs electronic data which
drives the indicators.

2.3.2 Transducers

2.3.2.1 Three engine pressure transducers are required in order to sense
total and static pressures wichin the afterburner section of the engine.

Two differential transducers were used to measure pressure differences
between the total pressure at station 5 and the static pressure at station 6,
AP, and between the static pressures at station 6 and 7,4Pq. An absolute
pressure transducer was used to measure the static pressure at station 7,

The transducers were installed in the aircraft rear cockpit where
tﬁzy would be exposed to a relatively moderate environment.

2.3.2.2 Variable reluctance transducers were provided for the flight

trials by S.E. Laboratories, Ltd., Feltham, UK. Static calibrations
indicated that the transducers were very accurate and stable. Calibration
data are presented in Volume I11 and serial numbers are listed in Appendix XI.
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2.3.2.3 Three types of Conrac Corporation, Duarte, California, Model 4715H
transducers were obtained and tested in the static thrust stand trials.

They were removed from the TMS prior to the flight trials. Calibration data
arc presented in Volume III and serial numbers in Appendix XI.

2.3.3 Special Purpose Computer

2.4%.3.1 The computer for the TMS is a special purpose, 21-bit hardware
floating polnt machine which was designed and built by Combev especially
tor the ™S,  The computer contains an analog multiplexer to select in
turn the seven input analog signals and to route these to an analog to
digital converter (A/D). An A/D converter is used to transform analog
signals to their equivalent digital representation for the central
processor. The central processor performs arithmetic operations as
required in solving equations for gross and percent reference thrusts.
Processor outputs are digital signals which drive the indicators. A flow
diagram of the arithmetic units is shown in Figure 9,

2.3.4 Thrust Indicator

2.3.4.1 A two-inch diameter indicator is used to display gross and percent
reference thrust as depicted in Figure 8, The digital gross thrust

display contains a binarv to binary coded decimal (BCD) encoder which
interfaces the computer to a set of digital drums. Four digits are used
but the units digit is a fixed zero. Percent reference thrust is a pointer
display which is driven by a stepper motor. A shaft encoding system is

used to control the motor operation. The TMS computer was used to drive

two indicators, one in the forward cockpit and one in the photopanel.

2.3.5 Modified CADC

2.3.5.1 The CF-5D aircraft is equipped with a central air data computer
(CADC) which provides data to an AVU-9/A airspeed and Mach number indicator
and an AAU-19/A altimeter. Ambient air probes are installed on the
aircraft and the CADC senses probe pressures and converts them into
electrical signals for the indicators. The CADC corrects the sensed data
for position errors and, therefore, the CADC output data are highly ideal
as input to the TMS computer. A standard CADC was modified by Airesearch
Manufacturing Company, Torrace, California, in order to provide output
lines for the ™S as follows:

(a) Mach number output is a voltage linearly proportional to
Mach number between the range 0.17M to 1.7M.

(b) Static pressure, Pgp, is a voltage linearly proportional to
ambient static pressure.
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(¢) Temperature, Tpg, is a voltage linearly proportional to the
square root of the indicated total ambient temperature /7 . .

2.3.5.2 Modifications were designed such that demodification was easy and
normal CADC operation was possible.

2.3.6 Temperature Probe and Pre-Amplifier

2.3.6.1 Ambient air total temperature data were required by the reference
thrust equation. A data source was not readily available in the standard
CF=5D CADC. Therefore, a Rosemount temperature probe was installed on the
port side of the aircraft nose section. Airesearch modified the flight
test CADC to accept temperature probe signals and output a voltage
proportional U)J’ﬁ??? . Since the CADC output voltage range varied by
only 0.1 volt for a temperature range from 3600 to 740°R, a pre-amplifier
was required to increase this voltage prior to its use in the TMS
computer.

2.4 DATA ACQUISITION SYSTEM

2.4.1 Four distinct data acquisiton systems were employed in monitoring

the thrust measuring system and aircraft variants. Two systems depended
upon observations made by the qualified test pilot (QTP), namely pilot
observations and taped voice recordings. Two other systems operated
independently from each other and except for on-off actuation, were
independent of the pilot. These were a multiple input digital tape
recording system, shown in Figure 7, and a photopanel shown in Figure 10.
The test pilot could command the operation of a cinecamera and obtain a
photographic record of the photopanel. A detailed description of the
data acquisition systems may be found in Appendix IIT of this Volume.

2.4.2 Digital Recorder. An Incre-data Corporation Mark IIA, 7-track
digital, magnetic tape data recorder was installed in the rear cockpit of
the test aircraft as shown in Figurell and used to record TMS, engine

and flight data. Recordings were made at one-half second intervals
throughout every flight and most of the installed static thrust trials.

A list of recorded variants is presented in Appendix II1. Tapes produced
by the recorder were compatible with data processing computers at ComDev
and with IBM computers in Edmonton and Ottawa. An electronic interface
was designed and built by ComDev in order to couple the various TMS data
sources to the digital recorder. A second interface between the aircraft
signals and the recorder was built by AETE. Input to the recorder was in
the form of a voltage in the range 0 to +5 volts. The recorder converted
voltages to 12-bit binary data in the range 0 to 4095. Bench test cali-
brations were made in order to provide the data reduction computer program
with an arithmetic means of converting binary data to engineering system
equivalent data.
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2.4.3 Photopanel. A special AETE built panel of instruments, as shown in
Figure 10, was mounted in the test aircraft rear cockpit. The panel
contained a thrust indicator as well as a standard set of CF-5D engine
instruments, an altimeter, and an airspeed and Mach number indicator.

A binary coded clock on the panel was synchronized with the digital tape
recorder such that photopanel and recorded data could be correlated. A
l6mm camera was set to photograph the panel on pilot command.

7.0.6 Pilot's Voice Recording. ‘The pllot maintained radio contact with
cnpineers in a pround station.  Pllot transmissions describing his actions
and selected instrument rceadings were recorded at the ground station for
post=flight analysis purposes.

2.4.5 Pilot Observations. Flight missions were pre-arranged and recorded
on the QTP's knee pad. In-flight notes were also made on the pad report
form. Pilot comments were recorded at debriefings following each flight.

2.4.6 Aircraft Variants. A number of variants pertaining to the operation
of the aircraft were recorded by the digital tape recorder. These data
were used in analysing engine performance and flight conditions which

could be correlated to the performance of the TMS. A brief description

of these variables follows. An interface was designed and built by AETE

to allow digital data recording of these variants.

2.4.6.1 Tuel Flow. Special fuel flow turbines and transmitters,

(Foxboro type 3/4-81T3C1 for the afterburner and type 3/4-81T3Al in the
main fuel line) were installed in the test aircraft. The turbines were
calibrated using Calibrating Fluid MIL-C-7024B Type I1. Turbine

data output is a frequency which was calibrated to pounds per hour. Freq-
uency data were converted to voltage data by the interface.

204.6.2 Trgps Engine total temperature at Station 5 (exhaust gas temper-
ature) was obtained from the harness, Trsy, circuit in the aircraft engine.

2.4.6.3 Psej. Ejector static pressure data were obtained by installing
four static pressure ports in the ejector wall. The ports were spaced
about the circumference of the ejector and approximately at the minimum

. diameter of the ejector. The four ports were connected in series by a

single pipe to a pressure transducer. - The transducer output was
connected to the recorder interface.

2.4.6.4 RPM. Zngine percent RPM was obtained from the engine tachometer
output as the period of an electrical frequency. An electronic inter-
face was built to convert tachometer output to a 0 to 5 volt input for
the recorder.
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2.4.6.5 Indicated Airspeed. Dynamic and static pressure data were
obtained from the aircraft pitot static system. A pressurc transducer was
used to provide airspeed data to the recorder. An airspeed indicator on
the photopanel was coupled to the pitot system.

2.4.6.6 Altitude. Pressure altitude data were obtained similarly to the
indicated airspeed data. The altimeter system was calibrated from sea
level to 40,000 feet for data acquisition purposes.

25 JARE ENGINE TEST CELL

2.9.1 Bare engine tests were performed at the Engine Laboratory of the NRC.
A 185=CAN-15 engine, serial number 8611 was installed in the No. 5 Ground
LLevel Static Test Cell.

2.5.2 An engine test stand was designed by Orenda Ltd. and fabricated by 3
ComDev. The engine and test stand were bolted to a test bed which in turn 4
was hung from flexible pivots which permit the slig¢ht unrestricted movement

necessary to activate the load cells. Two load cells, known as a Hagen

pneumatic balance load cell and an Emery load cell, were used. Load cell

data were displayed in the operator's control room. The engine test stand

is shown in Figure 12.

2.5.3 The engine is operated from an adjacent, isolated, control room with

a safety window which allows the operator to view the engine. Standard engine
instrumentation and engine control systems are located in this room. Special
thrust measuring instrument displays were also located in the operation room.
2.5.4 A temporary photopanel was located in the control room and used a 16mm
camera to record the operation of the thrust indicator and other engine
instruments. A still]l camera was available to photograph the manometer bank.

2.5.5 A fibreglass bellmouth inlet duct of approximately elliptic contour
was installed on the engine. A heavy mesh screen was installed upstream of
the inlet bellmouth for safety reasons.

2.6 STATIC AIRCRAFT THRUST STAND

2.6.1 The static thrust stand at the National Aeronautical Establishment of
NRC is a T-shaped platform upon which the aircraft is secured as shown in
Figure 13. The aircraft nose gear is free to move in the fore and aft direction
but is clamped to prevent vertical motion. The aircraft main gear are
constrained by the thrust stand platform such that the foreward thrust vector
may be measured. This platform is suspended on strap flexures which allow a
thrust transfer to two load sensing hydraulic cells. Output from the cells

are voltages which register on a remote electrical indicator. The indicator

may be selected to display the output of either cell or the electrical
summation of both cells.

HO36/119/FR/1
Section 11

21




(

Stati

NRC

sekeris 3

tgte fedigd A
TR R - =
HAH i g ™~
(R
PN RIH M)
I ]

g lelsed e
teftbagtefteiteft ~
N

1,
i
. 1
B
gt gt ey,
1l dgteh
{ fegheise ottt
THIHH o,
HH R I T .
tHH HIH I

]
RN

! "t
T

SEaL O an i e

HO36/119/FR/1




puEIg 3ISNIyyp OTIBIS VN

943 U0 3JBIDITY 3Sa]

HO36/119/FR/T

Section II




2.6.2 Continuous data acquisition was accomplished by interfacing the

load cells to the Incre-data recorder as shown in Figure 14. Two
transducers were used to sense hydraulic pressure on the thrust stand load
cells and an amplifier outputs a 0 to 5 volt signal for the data tape
recorder. A filter was installed in the electrical circuit to the recorder
in order to reduce noise on this circuit. Transducer serial numbers are
listed in Appendix XI.
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L l SECTION ITI

a TEST PROCEDURE
. 3.1 BARE, ENCINE TESTS

E b

3.1.1 The thrust measuring system was installed on engine serial No. 8611
at the NRC Number 5 Test Cell, CF-5D aircraft type heat shields and

. insulating blankets were installed to simulate the aircraft thermal
E environment around the turbine diffuser casing and the upstream part of the
{ afterburner casing. Vibration monitoring devices were installed at the
1 engine bearing locations. Pressure probes and plumbing to the transducers
B i simulated the test aircraft installation. Compensating volumes were added

to two pressure lines to achieve desired system transient characteristics.

iE 3.1.2 An Incre-data magnetic tape recorder was located in the operation

g
room and used to record data at one-half second intervals. The following
3 variables were recorded.
E i} (a) Analog output from engine pressure transducers.
{ (b) Digital output from A/D converter in the TMS computer.
5 (¢) Digital output from the TMS computer for gross and percentage of
: reference thrust.
(d) Simulated CADC data.
(e) Thrust indicator feedback.
(f) Test stand measured thrust load cell output signal.
. 3.1.3 A temporary photopanel was located in the controel room and used a
: l6mm camera to record the operation of the thrust indicator and other engine
instruments. A still camera was available to photograph the manometer bank.
B i«
3.1.4 Prior to a series of engine runs, the NRC engine test cells were
calibrated against a secondary proving ring. A hydraulic jack was used to
apply a mechanical load through a calibrated proving ring to the test stand
load cell. Ring-readings were temperature corrected and used to calibrate
the indicated load cell readings. Approximately 15 applied loads were used
3 to provide a satisfactory range of data.

3.1.5 The engine was trimmed by adjusting the fuel flow rate to a prescribed
value for given compressor inlet conditions at 1007 engine RPM as detailed
in EO 10B-10E-2, Part 6, Servicing and Maintenance.

3.1.6 Ambient static pressure data were obtained by means of a barometer
located within the building but outside of the engine test cell. Test cell
pressure depression was obtained from a differential pressure gauge which
indicated the pressure drop between the engine cell and the control room

| which was vented to the atmosphere. Compressor inlet temperatures were
read from an instrument in the control room.

HO36/119/FR/ 1
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3.1.7 Engine runs .ncluded steady state power settings in both afterburning
and non-afterburning modes. Barometric pressure was recorded before and
after each run and the following were recorded during steady state operations:
time, test cell pressure depression, compressor inlet alr temperature,RPM,
Ps6, Pg7, Pr5, throttle position, nozzle position, engine oil pressure,

engine mount vibration amplitude, fuel supply temperature, compressor
discharge pressure, turbine outlet temperature, engine fuel flow, nazzle

exit total pressure and load cell pressure (thrust).

b.1.8 A post-test engine inspection was made Lo assess the condition of
the engine and the TMS hardware In order to ensure the safety of continued
testing.

X2 STATIC AIRCRAFT THRUST STAND TRIALS

3.2.1 Installed static thrust trials were conducted by installing flight
qualified tailpipe hardware on engine serial No. 8476. Probes were PFRT
tested by NRC subjecting them to a test of 10 hr 42 min duration. The probes
and tailpipe were forwarded to AETE for installation on the test engine.

(See Reference 4). This engine was installed in AETE's CF-5D aircraft

gserial No. 116801. The digital data recorder was mounted on a tray in the
rear cockpit and used to record engine and flight data at ') second intervals.
Thrust stand load cell data, as well as the data listed in Appendix III were
recorded. Conrac pressure transducers were installed for the initial tests
and SE transducers used for test NAE-8 and onward. Thrust stand measured
thrust data outputs were interfaced with the recorder. A thrust indicator
was mounted in the aircraft forward cockpit instrument panel. A second
indicator was mounted in the photopanel.

3.2.2 Ground static trials included testing to observe the effect of inlet
blockage on thrust. This test required the installation of an inlet area
blockage plate as shown in Figure 15.

3.2.3 The NAE static thrust stand load cells were calibrated against a
Moorehouse proving ring; serial No. 1331. NAE use a preload cell pressure
of approximately 30 psia (1400 1b thrust equivalent) as a zero load state.
NAE calibrate the test stand before and after each test run with the air-
craft in position. A total of fifteen readings of applied and indicated
loads were made with increasing and decreasing loadings. This produces two
calibration curves each with a zero load bias reading and a hvsteresis
loop. It is assumed that any shift in the zero load bias can be corrected
as a linear function of time. Therefore, test readings must be correlated
to time and the two calibration curves must be interpolated as linear
functions of time in order to resolve a single thrust reading. This was
accomplished by including the calibration data with the data reduction

sof tware program. A zero load bias of about 70 1b/cell ensures platform-
cell pressure point contact,

3.2.4 The CF-5D aircraft was operated by qualified AETE personnel. Thrust
stand calibratlons were performed by NAE personnel and Combev personnel
operated the data recording system.
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3.2.5 Electrical power was applied to the measuring equipment at least
one hour prior to a test. Ambient temperature and barometric pressure as
well as wind velocity and direction data were recorded for each test day.
These data are listed in Volume IT of this report.

3.3 FLIGHT TESTS

3.3.1 Flight trials were conducted with the same engine and aircraft as
was used in the static trials. All flights were made with the SE trans-
ducers. The TMS computer and data recorder were installed in the rear
cockplt. The engine was trimmed at the AETE engine test stand prior to
the flight trials. It was retrimmed following an engine removal after
FT-03. (The engine was removed to allow an inspection and repair of the
Pgg probes). A satisfactory aircraft acceptance flight was required prior
to commencement of the actual flight trials.

3.3.2 Flight tests were conducted by AETE at Cold Lake, Alberta, in
January, February and March 1973. The CF-5D aircraft, serial No. 116801,
was used as a test vehicle for the flight trials of the TMS. FEngine serial
No. 8476 was instrumented for this purpose and used as the starboard engine
of the aircraft.

3.3.3 A flight test program was devised by the AETE Project Officer and
Project Pilot. Appendix IV of this report is the Final Test Program,
Project Directive 71/81, Installation and Demonstration of ComDev Thrust-
meter, under which AETE conducted static and flight tests of the TMS.
Testing included pre-takeoff engine checks, takeoff performance, climbs
and dives, level flight steady state and accelerations, G-loading tests,
airstarts, sideslip tests, aircraft configuration changes, landing performance
and post landing engine checks. Several flights included Rutowski
nerformance trials. The pilot prepared a knee pad test plan card from the
test engineer's detailed flight plan and used this as a guide during the
flight. Radio transmitted data were recorded continuously by a voice
recorder and in part by the test engineer.

3.3.4 ComDev personnel serviced the digital magnetic tape recorder and
performed tests to ensure the satisfactory operation of the TMS prior to
each flight. AETE personnel were responsible for aircraft servicing,
maintenance and operation.

3.3.5 The data recorder was started as part of the eagine start-up
procedure. Recording continued until after the post-flight engine tests
were conducted. Data processing was usually accomplished within 24 hours
of the completion of the flight. An IBM System 360/30 located at
Fdmonton, Alberta was used for this purpose.
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3.4 DATA COLLECTION

3.4.1 During the bare engine running, data were hand recorded by the test
personnel who read the instruments and recorded their readings. A camera
was used to record manometer levels during certain trials. The films
produced were read as a means of cross checking the original data. The
digital recorder was used during the TMS testing trials.

3.4.2 Calibration data from the NAE thrust stand trials were manually
recorded and transcribed to punched data cards for data processing. A
log was used to record ambient conditions and test details. Many thrust
stand data readings were recorded in the log for cross checking purposes.
The data recorder was used to record engine and thrust stand data
throughout most of the trials. The photopanel was used to record sample
data.

3.4.3 Flight trial data were collected by the AETE Project Officer,
Project Test Pilot (QTP) and the ComDev Project Engineer. A voice
recording was made of QTP/Project Officer radio transmissions. A
photopanel was used to collect sample data and the digital recorder was
used throughout all of the flights.

a5 DATA PROCESSING

3.5.1 Engine status deck data were acquired by using the General Electric,
J85-CAN-15 Computer Deck No. P 15060 (June 1970), with the IBM System
360/67 computer at NRC.

3.5.2 Bare engine data were manually processed with the aid of a
programmable calculator. Data processing included the computation of
indicated thrust from load cell data and a calibration curve. Gross and
reference gross thrusts were computed bv the ComDev equation. See
Appendices T and II. When the magnetic data recorder was used, data
processing was accomplished with the ComDev CDC 6400 computer and software
written by ComDev. Automatic data processing included computations of the
following: = -

(a) Gross and reference gross thrust from engine pressure and
ambient air data.

(b) FError between (a) above and the TMS output.
(c) Test stand thrust.
(d) The error between (c) above and the TMS output.

i
(e) The error between the recorder A/D conversions and‘the TMS
A/D converted data.
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3.5.3 Static installed engine testing taped data were processed by means
of the ComDev CDC 6400 computer and software written by ComDev. An IBM
System 360/65 computer was available as a stand-by unit. NAE personnel
processed thrust stand calibration data through the IBM System 360/67

at NRC as a cross check on ComDev's data processing program.

3.5.4 Gross and reference thrust and error computations were made as

shown in para. 3.5.2 above. Test stand calibration curve computations
were included In the data reduction software. Thrust data were manually
calculated for check purposes as illustrated by the following example.

(a) The average observed test stand thrust recorded at 11:46 hr.,
6 Nov 72, was 2935 pcunds. The engine was being operated
with the throttle setting at MIL power, auxiliary takeoff
doors open, customer bleed off, extracted horsepower non-zero,
anti-icing off and T2 heater valve in the open position.

(b) A thrust stand pre-load correction was timewise interpolated
from the calibration data as a correction of -209 pounds.
Indicated thrust, 2955 1b, plus the pre-load correction,
-209 1b, is the indicated net thrust, 2726 1b.

(c) The before and after calibration curves were interpolated to
obtain the calibration correction (calibrated net load minus
indicated net load) of 65 pounds.

(d) The calibrated propulsive thrust of the test engine was
obtained by an algebraic addition of the calibration
correction, 65 1lb, plus the indicated net thrust, 2726 1b.
Therefore the calibrated propulsive thrust was 2791 1b.

(e) Calibrated propulsive thrust is the net thrust as measured
by the test stand. It is composed of the engine gross thrust
and all engine intake losses as well as ejector losses, etc.

3.5.5 Flight test data were processed at Edmonton, Alberta, by means of
an IBM System 360/30 computer and software modified for this computer.
Aircraft variant measurements were added to the software program and
thrust stand data reduction procedures were deleted. A copy of the
flight trial data reduction software was maintained in an up-to-date
status for the ComDev CDC 6400 computer as a back-up to the FEdmonton
computer.

3.5.6 Data tapes were processed in Ottawa using the IBM System 360/67
computer and plotter at NRC in order to produce plotted test results.
Plotted data are included in Volume TII1 .
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SECTION IV
j . SUMMARY OF TESTS

4.1 CHRONOLOGY AND STATISTILCS

; 4.1.1 A series of bare engine tests was started in December 1969.
i Engine runs were designated only by run numbers. They were conducted
mainly to obtain calibration data and to test the suitability of engine
' hardware for flight use. Table I presents a chronology of the J85-CAN~15
serial No. 8611 engine tests in the NRC test cell,
Table 1 Chronology of J85-CAN-15 No. 8611 Ingine Cell Tests
f Engine | Purpose Accumulated Instrument Start End
[ Run of Run Time Set Date Date
i Number| Test Hr :Min
0-28 Ingine test separate Dec 69 Feb 70
stand setup (no data) probes
29-39 | cCalibration S5 separate Feb 70 Apr 70
g 40-46 §atn collect- l5.09 probes
| ion |
E
| . Y s T
i 47-57 Engine Hardware| 30:35 separate May 70 Jun 70
' development probes
. ' 58-61 Engine Hardware| 31:21 separate Mar 71 Mar 71
E | deve lopment probes
f 62-84 IEngine hardware| 49:17 manifold Jun 71 Aug 71
| development probes
: 5 s
? 85-108 | PFRT of Ffirst 73:16 1" Flight |o0ct 71 Nov 71
? flight probe probes
instrument set designated
1-1-1
i ‘! |
i 109-160] Development & 9921 Second fhec 71 | Mar 72
testing second probes !
’ Pg6 probes and Designated
| Ps7 probes & 1-2-2~1
| tirst
| ’g7h probe
' 161-181{ Acceptance test | 110:03 final set Mar 72 [ May 72
‘ on tinal instru+ designated
I ment set E=Z=0=2
|
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' 4.1.2 1Installed static tests at NAE were started 1 November 1972, Test
runs were designated by number and prefixed with the letter code NAE,
Runs NAE1l to NAE8 were made prior to the flight trials and runs NAE9 to

3 NAEL2 were made as post-flight test calibrations. Table 11 presents a
chronology of these trials.

] Table 11 Chronology of J85-CAN-15 No. 8476 Engine Static Tests
i Installed in CF-5D Aircraft Serial No. 116801

RUN | DATE PURPOSE OF TEST s e
: (Hr :Min)
- NAE-1A | 1 Nov 72 Test system shakedown 00:45

NAE-1B | 1 Nov 72 Test system shakedown 00:40
R | Nose wheel clamp installed
E | NAE-1C | 1 Nov 72 Nose wheel clamp & opleos deflated 00:20
E ! NAE-2 | 6 Nov 72 Steady state runs, auxiliary takeoff 01:23
E doors open and closed

NAE-3 6 Nov 72 As NAE-2. First data run with tape 01:25

recorder
NAE-4 [LO Nov 72 As NAE-3. G118
NAE-5A {I1 Nov 72 Intake area blockage plate installed 01:05
. NAE-5B {11 Nov 72 Intake area blockage plate removed 00:40
NAE-6 |13 Nov 72 Power transient trials 00:40
i NAE-7 (L7 Nov 72 Steady and power transient trials 00:46
NAE-8 PC Nov 72 As NAE 2,3,4 and 7 except SE 01:26
transducers used.

_— —— —— - (break for Flight Trials)

NAE-9 P8 Mar 73 Steady state runs 01:40

NAE-10 PO Mar 73 Steady and power transient trials 01:13

NAE-11A{ 5 Apr 73 Intake area blockage plate installed 01:00

NAE-11B| 5 Apr 73 Intake area blockage plate removed 00:58
G NAE-12 | 6 Apr 73 Dynamic and steady state trials g1:12

HO36/119/FR/1
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/ 4.1.3 Flight trials were started at AETE, Cold Lake, Alberta, with an
acceptance flight on 18 Jan 1973. Flights were designated by number.
Acceptance flights were prefixed AE and flight tests were prefixed FT.
. Table III presents a chronology of the flight trials.

Table III Chronology of J85-CAN-15 No. 2476 Lngine Flight Tests
Using CF-5D Aircraft Serial No. 116801
(Sheet 1 of 2)

FLEGHT | PATE PURPOSE OF FLIGHT PLIGHT Tlnik

(Hr :Min)

AL-1 12 Oet 72 Aircraft acceptance flight. 00:47
{ AE-2 25 Oct 72 Acceptance flt prior to ferry to Ottawa, 00:45 !
AE-3A 16 Jan 73 Acceptance flighi following ferry to Cold 00:00 ;
Lake. Aircraft unserviceable for flight , %
AE-3B 18 Jan 73 Acceptance flight following aircraft 00:35 i
repair. CADC reported unserviceable ;
I AE=¢4 26 Jan 73 Acceptance flight following CADC repair, 01:00 |
FT-01 29 Jan 73 Flight test. Max power takeoff and level 00:42 ;

flight performance test,

FT-02 30 Jan 73 Flight test. MIL power takeoff and level 00:57
t flight performance test,

FE=03 31 Jan 73 Flight test. Engine transient and level 00:41
flight performance test,

FT-04 8 Feb 73 Flight test. Rutowski minimum fuel climb 00:46 4
to 45K ft. Engine performance at 45K ft. L
Airstarts at 20K ft. 3

FT-05 9 Feb 73 Flight Test. Modified Rutowski minimum 00:41
fuel climb to 30K ft. Level flight trials
at 30K fE.

FT-06 12 Feb 73 Flight test. Modified AOI climb to 32K ft. 00:52
Constant Mach number performance trials.

FT=-07 13 Feb 73 Flight test. Climb with 947 RPM on port 00:53
engine and MIL power on starboard engine.
Fngine thrust comparison and constant Mach
number performance trial.

e A b i B
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Table I1I Chronology of J85~CAN-15 No. 8476 Engine Flight Tests
Using CF-5D Aircraft Serial No. 116801

(Sheet 2 of 2)

FLIGHT TIME]

FLIGHT DATE PURPOSE OF FLIGHT
(Hr :Min)
FT-08 14 Feb 73 Flight test. Max power climb and
maximum airspeed (VMAX) dive. Effect
of G~loading on TMS.
FT-09 15 Feb 73 Flight test. Rutowski minimum time to 01:00
climb profile. Effect of sideslip on
TMS performance. Drag evaluation using
the TMS.
FT-10 15 Feb 73 Flight test. Maximum power climb, AOTI 00:39
schedule climb. Level flight performance.
FT-11 8 Mar 73 Flight test. Minimum fuel climb profile 00:40
to 35K ft. Afterburner light at 45K ft.
Airstarts at 20K ft.
H036/119/FR/1
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SECTION V
RESULTS
5is 1l GROUND TESTS
5.1.1 Bare Engine Tests

5.1.1.1 Pqg total pressure probes, as shown in Figure 5, were designed
and a PFRT was performed to demonstrate design safety. Prg probes were
designed such that they could be easily installed or removed from the
engine diffuser struts.

5.1.1.2 Pgg static pressure probes as shown in Figure 3 , were designed
and PFRT proven. Probes had a low profile to the engine gas flow. A
flexible expansion tube was incorporated to account for thermal expansion
and afterburner liner displacement relative to the casing.

5.1.1.3 Pg7 static pressure probes, as shown in Figure 4, were designed
and PFRT proven in the b location. The "b'" location is the second last row
of liner bolt holes and the "a'" location is the last row of bolt holes.
These probes and their plumbing are satisfactorily clear of the VEN and

use existing liner bolt holes.

5.1.1.4 Engine running tests provided a means of testing various probe
designs and pointed out design faults. Reference 4 provides further
test details. Probes, of the design used in the flight tests, were
serviceable after the completion of the following PFRT engine running
times.,

(a) Prs5, total pressure probe, 60 hr 46 minutes.
(b) Pgg, static pressure probe, 36 hr 47 minutes.
(c¢) Pgy, static pressure probe, 10 hr 42 minutes.

5.1.1.5 Bare engine running indicated the need for delay volumes in two
of the engine pneumatic pressure lines to the TMS transducers. It was
observed that during rapid increases or decreases of power between idle
ana MIL, the computed gross thrust consistently fluctuated to a high

value for a '3 second computer update.This effect did not occur during
steady state running. The electrical output of the three engine pressure
transducers were monitored and it was determined that pressure signals
were arriving at the transducers out of phase. Delay volumes, as shown in
Figure 16, of 12 cubic inches in the Ppg line and 6 cubic inches in the
Pge line, eliminated large pressure differentials and resulted in
acceptable ™S performance.
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5.1.1.6 Calibration constants C5_ C 7 and E which account for deviations
“ between the one dimensional analys?s gheory and the actual engine, were
obtained using static bare engine test data. A total of 17 afterburner
and 72 non-afterburner bare engine cell indicated thrust data points
from runs 29 to 39 (9 hr 57 min engine running) were used in computing
the calibration constants.

u 5.1.1.7 Bare engine test data from Runs 29 to 46 were used in demonstrating
: the repeatabflity capability of the TMS. Measured thrust, as indicated by
: the HRC engine test cell, 1s compared with gross thrust TMS c¢quation
soluttons. A full scale (F.S.) thrust has been defined as 4300 pounds.
This value is the bare engine static rated maximum afterburner power at
sea level standard day conditions. This definition provided a deviation
band about the line of perfect agreement shown on many figures. Figure 17
shows 122 data points (all available data) obtained from the engine test
cell indicated thrust and the TMS computed thrust for runs 29 through 46.
The data include a power range of 368 to 4171 lbs. The standard deviation
of this data set is *34.6 lbs. Figure 18 shows similar data taken from
the magnetic tape recording of Run 149. These data were selected at
random to include a thrust range of 300 to 4700 lbs.

5.1.1.8 Bare engine test data from Run 149 were used to demonstrate the
tracking capability of the TMS. The engine power lever angle was

advanced such that the engine RPM was held at selected settings for

10 second durations. RPM was increased in this manner from 707 to 100%.
Figure 19 shows the resulting data from this test. A second tracking test
consisted of a rapid advance (slam) of the power lever from idle to
maximum afterburner followed by reductions in power to intermediate and
minimum afterburning. Figure 20 presents the recorded data for Run 149
for this tracking test.

5.1.1.9 A set of probe pressure leak test gear was fabricated. This
facilitated the leak testing of all pressure probes without removing the
engine from the aircraft or the probes from the engine.

5.1.2 Static Thrust Stand Tests: (Pre-Flight Tests)

5.1.2.1 Static thrust stand runs NAE 1 to NAE 8 resulted in 10.4 hours
of engine running. Six runs yielded digital data and all vielded photo-
panel films. A set of data tables is included in Volume IT .

5.1.2.2 A description of the method of computing static thrust stand
calibrated thrust is presented in Section IIT of this volume. An
additional correction must be made to account for the engine ejector force
in order to make a direct comparison between the test stand indicated
thrust and the TMS indicated gross thrust. A detailed analvsis of the
method of accounting for ejector force is shown in Appendix V.

HO36/119/FR/1
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5.1.2.3 Intake blockage was induced by partially blocking the side
fuselage inlet duct by means of the intake area blockage plate. This
resulted in a decrease of thrust measured by the thrust stand. The
decrease for the MIL power case with auxiliary takeoff doors open was
2% of the point. This decrease was typica-~ly 6% of the point with the
doors closed. The TMS indicated a similar thrust decrease.

5.1.2.4 Actuating the auxiliary takeoff doors from closed to open
resulted in a thrust stand static gross thrust increase of approximately
157 at MIL power with the inlet area blockage plate off. The TS
indicated this increase.

5.1.2.5 Repeatability and tracking capabilities of the TMS were
demonstrated by plotting data points from runs NAE 2 to NAE 8 in Figure 21.
Thrust stand measurements were corrected for the ejector force as explained
in Appendix V. A total of 203 data points (all available hand recorded
data) have been included from the various runs, over a thrust range of 150
to 4160 pounds, afterburner on and off, auxiliary takeoff doors open and
closed and with the inlet area blockage plate on and off. The standard
deviation of this data set is *52.8 1lbgf.

5.1.2.6 Run NAE 8 was noteworthy because the Conrac pressure transducers
were replaced by transducers manufactured by S.E. Laboratories, Feltham, UK.
TMS performance was statistically improved for run NAE 8 since the standard
deviation of these data is *23.Z2 lbgy based upon 33 data points. The SE
transducers were used in the subsequent flight tests and post-flight

static thrust stand trials.

5.1.2.7 During run NAE 6, one of the Ppg probes developed a plumbing
leak within the diffuser strut. The leak was discovered during the
routine post-run leak testing made on all the engine pressure probe
systems. No deterioraticn in TMS performance was observed. The probe
was not repaired until the aircraft was returned to AETE, Cold Lake.
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Computed Gross Thrust, . (lbf)

4,000
!
|

J85-CAN~15
Engine Serial No. 8611
3,000 - Line of Perfect
Agreenent
(122 Data Points)
+27% F.S. Deviation
-2% F.S. Deviation
2,000 -
f
NRC Run No.

o 29 @ 40

1,000 = o 3D g 43 :
o 3 O 44 %
a 32 & 45 t
x 33 f 46 ,

Data Source: NRC Runs Indicated v 34 :
e 36
Full Scale (F.S.) = 4, 300 lbf + 3ar
® 38
®© 39
0 T T 7 1
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NRC Test Stand Measured Thrust, FCr (lbf)

Figure 17: Computed Gross Thrust vs Test Stand Measured Thrust
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Figure 18: TMS Computed Thrust vs NRC Test Stand
Measured Thrust
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{ Data Source: NRC Run 149
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Figure 19: Tracking Capability of TMS - Incremental
RPM Advance
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5.1.2.8 Engine running at the NAE thrust stand resulted in the pressure
probes accumulating test lives as follows. Test life excludes engine
running time for trim purposes and 10 hr 42 min acceptance running by NRC,
but includes acceptance flight times. See Reference 4.

(a) PT5 total pressure probes:

(i) 9 hr 08 min for the probe which failed on NAE 6
(ii) 12 hr 00 min for three probes without failure. :

(b) Pgg and Pgy static pressure probes accumulated 12 hr 00 min of
service without failure.

5.1.3 Static Thrust Tests :(Post-Flight Tests)

5.1.3.1 A post-flight series of installed static thrust testing was
performed at the NAE static thrust stand. Repeatability and tracking
capabilities of the TMS were further demonstrated. All hand recorded data
from runs NAE 9 to NAE 12 are shown in Figure 22. This figure includes
145 points over a thrust range of 120 to 3900 lbg, afterburner on and off,
auxiliary takeoff doors open and closed and with the blockage plate on and
off. Only 45 points were actually plotted since the other 100 points !
overlapped the plotted ones. The standard deviation of this data set is
+25.4 1bg.

5.1.3.2 TMS dynamic responses to power lever transients were indicated by
data obtained during run NAE 10. Figures 23 and 24 present NAE thrust
stand and TMS computed thrust data recorded during two engine slam tests.
As PLA data were obtaired only at 3 second time intervals, photopanel films
were refered to in estimating a more exact time of initiation of the slam.

5.1.3.3 Data were obtained to show the effect of intake area blockage on
engine thrusts both with the auxiliary takeoff doors open and closed.

Data from run NAE 11 are shown in Figure 25 for the TMS and in Figure 26
for the NAE thrust stand. NAE thiust stand data were not corrected for the
ejector losses. The effect of intake blockage on cockpit instrumentation
may be seen in the data of Table IV.

5.1.3.4 All pressure probes remained serviceable through this final

series of tests., Probes accumulated life times as follows. Life excludes

engine running for trim purposes, ferry flights (approximately 3.5 hr per

flight) and PFRT testing (10 hr 42 min applicable only to the Pgy probes).
(a) Ppg5 total pressure probes replaced after NAE 8; 16 hr 10 min.
(b) Pgg static probes replaced after FT-10; 6 hr 43 min.

(c) PS? static pressure probes; 28 hr 10 min.
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Figure 21: Indicated Gross Thrust vs Test Stand Measured Thrust (Corrected)
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P FLIGHT TESTS

5.2.1 Flight test data for all 11 test flights have been plotted and are
presented in Volume ITI of this report. A brief summary of the various
activities performed in testing the TMS is shown in Table V.

5.2.2 FT-01. Level flight testing at 40K and 20K ft as well as engine

transient tests at 40K ft. V was reached at 40K ft.
MAX
5.2.% FT-02. Level flight performance data were acquired at 36K, 25K,
and TOK fo. Vw/\" was reached at 36K tt.
i A 3

5.2.4 FT-03. Maximum power climb to 47K ft. Level flight performance
data were acquired at 45K, 20K, 10K and 5K ft. One Pgg pressure probe
developed a leak during this flight. Pgg plumbing was blocked off and
flight testing continued but only three Pgg pressure probes were in service.

5.2.5 FT-04. A modified Rutowski minimum fuel climb was made from 3K to
45K ft using a prescribed power schedule based upon altitude. Afterburner
lights were made at 45K ft and an airstart at 20K ft.

FT-05. A modified Rutowski minimum fuel climb was made from 3K to

5.2.6
K ft. Level flight performance; data were acquired at 30K, 20K and
t.

5K £

5.2.7 FT-06. A modified AOI climb was made from 3K to 32K ft and a
MAX power Rutowski climb schedule was used from 32K to 38K ft. Level
flight performance data were acquired at 30K, 20K and 15K ft.

5.2.8 FT-07. A climb was made from 5K to 30K with the port engine at 957
RPM and test engine at MIL power. Level flight performance data were
acquired at 30K and 10K ft. A dive to VWAX was made in a descent from

30K to 20K ft. ;

5.2.9 FT-08. A climb was made from 5K to 30K with the port engine at

947 RPM and the test engine at MIL power. The climb was continued to 40K
ft with both engines at MAX power. This was followed by a push over and
dive to 36K ft and Vypg. A MAX power level flight was made at 10K ft. A
test was made in order to determine the effect of G-loading on the TMS at
10K ft and 400 knots indicated airspeed. Data were acquired at 1,2,3,4 and
5 G-loadings.

5.2.10 FT-09. A Rutowski MAX power, minimum time to climb profile flight
was made from 2K to 34K ft. The schedule was broken off when the aircraft
performance diverged from the theoretical plan. A test was made in order
to determine the effect of sideslip on the TMS performance by using full
left and right rudder at MIL power, 0.33 Mach and 0.7 Mach numbers.
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5.2.11 FT-10. A MAX power, AOI schedule climb was made from 2K to 30K
ft. Level flight data were acquired at 30K, 20K and 5K ft. One Pg
pressure probe developed a leak during this flight. It was decidég that
since the P probes were failing at a rate which was not predicted by
the PFRT, a?? four probes would be replaced prior to continuing with
flight testing.

5.2.12 FT-11. A Rutowski minimum fuel profile climb was made from 2K to
35K ft. FEngine performance tests and afterburner lights were made at 45K.
An airstart trial was made at 20K ft.

5.2.13 Tables showing test flight information such as test type, pilot's
actions and comments, meteorological data, etc., have been prepared and
are included in Volume IT

5.2.14 Photopanel data have been compared with digitally recorded data
in order to show consistency of data. Data tables are included in
Volume II .

5.2.15 Pilot qualitative evaluations were obtained as a result of four
AETE test pilots having made flight tests with the TMS in operation.
The pilot's report is included in this volume as FExhibit A.

5.2.16 Data were acquired which permitted studies to be made of the
usefulness of a TMS in certain operaticnal roles. A detailed analysis
and discussion of these studies is presented in Section 7 of this volume.

5.2.17 gteady state data were acquired at altitudes from 5K to 40K
which enabled an analysis of the repeatability of the TMS both in MIL and
MAX afterburning power settings and over a speed range of 0.6 to 1.2
Mach number. A detailed discussion and a presentation of these results
are made in Section 6 of this volume.

5.2.18 One electronic integrated circuit used in the TMS output to the
recorder interface failed during a bench test prior to the aircraft
acceptance test for the flight trials. Repair was accomplished without
delaying the trials.

5.2.19 The TMS was serviceable at the conclusion of flight testing.

5.2.20 Engine running at the NAE thrust stand, acceptance flights and
flight testing resulted in the pressure probes accumulating test lives
as follows. Test life time excludes engine running time for trim
purposes or ferry flights. Flight time during which a probe failed was
not counted.

(a) P75 total pressure probes were all replaced prior to
acceptance flight AE-3A. Replacement probes accumulated
10 hr 07 min without failure.
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(b) Pgg static pressure probes:

(i) 15 hr 14 min to failure of one probe.

(ii) 20 hr 48 min to failure of second probe.

(iii) 21 hr 27 min without failure of two probes. All
Pgy, probes replaced after I'I-10.
(iv) 0 hr 40 min without failure of final probe set.

(c) Pgy static pressure probes accumulated 22 hr 07 min
without failure.

5.2.21 Recorded data were obtained which permitted an analysis of

any periodic faults which occured during the flights. The complete
analysis is presented in Appendix IX of this report and a discussion of
this analysis is made in Section VI.

5.2.22 Flight tests FT-01 to FT-1l1 provided sufficient data to permit an
examination of the dependence of percent reference thrust upon nozzle

position. These data are presented in Figure 27.

5.2.23 Flight FT-08 included a test to determine the effect of
G-loading on the T™S. A wind-up turn was performed to increase the
G-loading from 1-G to 5-G. The test engine was set at MIL power and a
target altitude of 10.5K ft and 0.7 Mach number were maintained as well
as possible. Pressure corrected gross thrust data, averaged over five
second intervals at the test G-loads, have been plotted in Figure 28.
Since these data did not correlate well with g~loading, pressure
corrected thrust was plotted as a function of Mach number, in Figure 29,
and the points annotated with respect to G-loads. Pressure corrected
reference gross thrust data were included in Figure 29 to further sub-
stantiate conclusions. Data reduction print-outs indicate that the
complete TMS operated without fault during this test.

5.2.24 Part of FT-09 included a test to determine the effect of

sideslip on the TMS. The QTP maintained altitude and Mach number while
recording a reference point and the points at full left and right rudder.
This test was performed both at Mach 0.33 and 0.70. The resulting
thrust data were pressure corrected to account for any small altitude
change and plotted against Mach number in Figure 30.

5.2.25 Rutowski profile climbs were attempted to gain experience with the
TMS in an operational role. Thrust, aircraft drag and predicted
meteorological data were provided to the USAF. Rutowski profiles were
generated by the USAF for the CF-5D aircraft. The QTP prepared for the
Rutowski profile climbs by making practice flights in another CF-5
aircraft.
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5.2.26 The data flight, FT-09, was made on a day in which the ambient
temperature was approximately 40°R warmer than the data for which the pro-
file was generated. The resulting flight path followed the Rutowski
profile from 2K ft to a target 34K ft and through a MAX A/B supersonic
dive to 30.4K ft. This was to be followed by a supersonic climb to a
target of 36K ft. The aircraft reached 34K ft taking only % second

longer than predicted. Mach numbers were well matched to the profile.

The aircraft Mach number was 1.155 rather than the target 1.148 at the

end of the supersonic dive but a target Mach 1.20 could not be achieved
during the final climb. The mission was aborted at 34K ft and Mach 1.15.

5.2.27 A minumum fuel Rutowski climb profile was attempted as part of
flight FT-11. The aircraft climbed from 2K to 30K ft using MIL power
but required two minutes longer than was expected. Some 267 (100 1b)
more fuel was required than was predicted for this portion of the climb.
Minimum A/B power was used in climbing to 33.5K ft and MAX A/B was used
in climbing to 42K ft. The target Mach number for this peak altitude
was 0.974 and the actual value was 0.973. The test profile remained
approximately 2 minutes late. A MAX A/B dive was intended to gain Mach
1.2 at 36K ft but only Mach 1.13 was achieved. TFuel consumption
exceeded the predicted profile total consumption by approximately 150 1b.
It is assumed that better results were not achieved in part because the
predicted meteorological data did not match the actual values. As a
result, the aircraft excess thrust was lower than had been predicted.
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SECTION VI
ANALYSIS AND DISCUSSION OF RESULTS
(53 | GROUND TESTS ‘
6.1.1 Bare Engine Cell

6.1.1.1 Pressure probes were designed such that installation and removal
from a test engine was not difficult with the engine removed from the
aircraft. The PFRT served to prove the flight safety of the probes and
the satisfactory locations for the probes and plumbing.

6.1.1.2 A need for delay volumes or other means of synchronizing pressure
data was demonstrated by bare engine running.

6.1.1.3 Bare engine running proved that the gross thrust equation could
be calibrated to a particular engine. The fact that two engine
tailpipes were instrumented and thrust was computed with equal .success
indicates that the equation calibration is probably valid for other
individual engines of the same type.

6.1.1.4 Tracking and repeatability of the TMS is displayed in Figures

17 and 18. Two of the 122 points shown in Figure 17 fall outside of
a +27 F.S. deviation band. Deviation data show no tendency to depart from
the line of perfect agreement over the range 368 to 4171 1b_. Repeat-
ability is assured by the fact that data have been acquired from 16
distinct test runs made over a time span of two years.

6.1.1.5 Dynamic engine tests have shown that the TMS will respond to
rapid engine thrust changes. Figures 19 and 20 show that tracking time
lags are of such short durations that they may not be discernable by a
pilot:

6.1.1.6 It has been shown that practical maintenance test tools can be
designed which will aid in making engine probe leak tests. Leak checks
may now be made with the J85-CAN-15 engine installed in a CF-5D aircraft.

6.1.2 Static Thrust .Stand Tests

6.1.2.1 A method of accounting for ejector force in order to compute
grross thrust from static aircraft thrust stand indicated thrust data
is presented in Appendix V.

6.1.2.2 An extensive data set has been recorded and is presented in
Volume I1
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6.1.2.3 The TMS is a good indicator of loss of engine performance due to
duct loss. Duct losses are reduced by opening the auxiliary takeoff
doors. The effect of opening these doors was clearly demonstrated by
test stand measured and TMS indicated thrust increases in the order of
157 at M1L power.

6.1.2.4 Tracking and repeatability of the TMS on the NAE test stand

is shown in Figure 21 for the pre-flight test trials. Two of the
203 data points shown in Figure 21 fall outside of the +27 F.S. bands.
Tracking remained as good as it was for the bare engine tests. Run NAE
8 data for the SE transducer test produced data which correlated
with the thrust stand data.

6.1.2.5 The fact that the TMS continued to operate without apparent
degradation after the PT probe failure serves to provide a measure of the
fail-safe capability of Ehe system. That is, some leakage can be tolerated
by the TMS without the system falsely indicating an engine failure. Some
further test cell trials could be conducted to determine the extent of
damage the system can sustain and still operate accurately. This point
would be of particular interest to military personnel considering battle
damage effects on the TMS.

6.1.2.6 Post flight-test static trials indicated that the TMS tracking
and repeatability characteristics had not deteriorated. 1In fact, Figure
22 shows a closer agreement between the TMS and the test stand.

One of the 145 data points (Figure 22), exceeded the #2% F.S.

deviation band. This result is attributed to the use of S.E. transducers.

6.1.2.7 Dynamic responses of the TMS, shown in Figures 23 and 24, remained
satisfactory to the conclusion of the trials. The worst case was a one
second lag.

6.2.2.8 The F static probes operated for 28 hr 10 min of flight and ground
testing without failure. This probe design should be used as a guide in
designing future probes. The P 5 probe failure and the two P_, probe
failures indicate the need for ?urther design work in order to develop
satisfactory probes for these engine locations. Since the PFRT led to a
false assumption that the probes would remain structurally secure

through a flight test, it must be assumed that the PFRT did not completely
represent flight test conditions. It is quite probable that the flight
test G-loadings contributed to probe failures. Also, in-flight engine
operating conditions such as engine temperature, time in A/B, temperature
variations, or vibrations mav have been more severe than those of the PFRT.
6.1.2.9 TInlet air duct blockage will result in a gross thrust loss. The
present cockpit instrumentation will not indicate intake conditions other
than the auxiliary takeoff door position. An intake blockage plate was
used to simulate an intake alr duct blockage and thus demonstrate the
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effect of an air blockage on engine thrust, see Figure 25. Table IV lists
cockpit engine instrument and TMS indications for a number of tests made
with and without intake blockage. Note that with intake blockage for the
MTL power case with the auxiliary takeoff doors open, RPM remained at
100%, the nozzle changed from 18.97 to 18.57%, fuel flow decreased by
50 1b/hr (a change of 1.6%) but the TMS indicated a percent reference
thrust loss of 2.9%. Adding the intake blockage plate with the auxiliary
takeoff doors closed resulted in a nozzle position change from 20.37 to
227. Fuel flow changed by 85 1b/hr (422-337), or a change of 2.77 but

the percent reference gross thrust changed from 82.57% to 76.37, or a
change of 6.2%. Although the NPI and fuel flow indications changed with
intake blockage, the indicated values remained within normal operating
limits. No abnormality would be immediately noticed by the pilot. The
TMS will indicate a thrust loss due to an air blockage upstream of the
compressor face. Since an intake blockage could be caused by structural
darage, icing, bird ingestion, etc., it is important that a thrust locss

of this type be detectable.

6.1.2.10 Opening the auxiliary takeoff doors while the aircraft is
stationary and the engine is operating at MIL power causes an increase
in power of about 147 to 167%. This power increase is indicated by both
the TMS gross and percent reference thrust indicators. A pre-takeoff
engine check could be made by observing the percent reference thrust at
MIL power. The TMS should indicate approximately 1007. An indication
cf approximately 85% would remind the pilot that the auxiliary takeoff
doors had not been opened. An examination of thrust data acquired only
during actual pre-takeoff and post-landing static aircraft engine checks
produced the mean data of Table VI. These data show slightly smaller
changes than the 103 data points from the NAE trials which are shown in
Table IV. Table VI lists the mear thrust changes due to opening the
auxiliary takeoff doors, selectirg anti-icing on or selecting cabin
pressure. Appropriate pre-takeoff check values would be obtained with
sufficient experience with using the TMS as a diagnostic aid.

Table VI: Mean Gross and Percent Reference Thrust
Change Due to Selecting Various Controls

Auxiliary Doors Anti-ice Cabin Pressure
Open On On

Mean Change
Gross Thrust + 411 1b - 138 1b - 100 1b
Reference i 13:9% - 4.6% - 3.47
Thrust I
{No. of Sample 23 3 4
| Points

I -
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6.1.2.11 Tracking and repeatability capabilities of the TMS are

shown in Figures 21 and 22. The TMS is able to track the engine
thrust over the range of 120 pounds to 4160 pounds. There is no obvious
tendency for the mean TMS indication to depart from the line of perfect
agreement at any point in this thrust range. Approximately 27 of the
data points on Figure 2] exceed +27 F.S. deviation. These data include
points obtained with Conrac and SE transducers, auxiliary takeoff doors
open and closed, and with the inlet area blockage plate on and off.
Figure 22 shows an improvement in TMS tracking capability. In this case,
one point in 145 is outside of the *27 F.S. deviation band.
One difference between the tests for Figures 21 and 22 is that Conrac
transducers were used for almost all of the data points in the first case
and SE transducers were used in the latter case.

6.2 FLIGHT TESTS
6.2.1 TMS Performance

6.2.1.1 The TMS was tested over the flight envelope of the test aircraft.
\ was achieved both in level flight and in dives. The aircraft was
taken to a pressure altitude of 47K ft and testing included many
performance type manoeuvres. Magnetic data recording enabled the
acquisition of sufficient data to permit an analysis of the TMS perform-
ance throughout the trials. Many anomalies were detected by means of the
recorded data. These are discussed in paragraph 6.2.3. -

6212 Ewo P  Pressure probes failed during flight testing. This
problem is discussed in paragraph 6.1.2.8.

6.2.1.3 It was noted that deviations from 1007 of reference gross thrusts
were observed for MIL power operations at various flight conditions. As

can be seen in Figure 27, this deviation appears to be a function of nozzle
position. As noted in paragraph 5.2.22 there were deviations in nozzle area
from that predicted by the engine status deck which was used to generate the
reference thrust computation, the status deck values having a smaller spread.
As thrust is a function of nozzle position it would be expected that the
computed gross thrusts would differ from that predicted by the reference
thrust computation and cause deviations in reference thrust from 100%. A
sinilar situation prevails at MAX power operation. This nozzle behaviour is
indicative of a difference in the lapse rates between the test engine and
the average engine status deck data used to generate the percent reference
gross thrust. (Lapse rate is defined in Appendix VII.)

6.2.1.4 TMS operation was not interrupted during the G-loading testing to
5~G. No thrust deviation could be detected and related directly to G=-loading.

6.2.1.5 Indicated gross thrust, when corrected for ambient pressure
differences, did not indicate a significant change in thrust as a function
of sideslip at Mach number 0.33 or 0.70 as is indicated by Figure 30.
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6.2.1.6 Rutowski profiles are based upon a prior assumption about
? ambient conditions and aircraft excess power. If the basic data are in
error, then the profile becomes impossible to achieve. The test day
[ ambient temperatures at altitude were approximately 40°F above predicted
B - temperatures. Therefore, the aircraft engine could not achieve predicted
thrust levels. The Rutowski profiles of FT-09 and FT-11 had to be aborted
when it became obvious that this portion of the mission could not be
successful. This suggests the need for an on-board computer to provide
real- time up-date information to the pilot.

6.2.2 Consistency and Repeatability

6.2.2.1 Consistency and repeatability have been proven by an extensive

analysis of flight data. A complete description of the analysis is

. presented in Appendix VIII. This analysis includes an examination of

E | 200 data points from flights FT-01 to FT-11 and at altitudes from 5K to

r 45K ft. It shows that the TMS computed thrust can be presented as a

thrust parameter and correlated to Mach number over a Mach range of 0.6

to 1.2. Since these data collapse to single lines for all reference

altitudes and within an approximate deviation of 1%, TMS consistency is

clearly shown. This analysis does not imply a thrust precision. It has

been shown that the actual flighi{ test gross thrust at MIL power does not

agree with the TMS stored refereuce equation. It has also been shown that

the TMS's method of reference thrust calculation does agree (up to 35K feet)

with the average engine status deck data modified to account for installation

effects according to manufacturer's data. The analysis does not provide

proof that either the gross thrust equation or the reference thrust equation

is in error but only that they do differ at altitude. Information in

¢ Appendices VI and VII indicate the complexity of the engine lapse rates
problem and associated reference thrust situation.

6.2.3 Anomalous Data

6.2.3.1 An extensive diagnosis has been made of all the data anomalies
recorded during all of the test flights. Data were recorded at % second
intervals and computer generated plots aided in analy~ing problems. This
enabled an examination of many anomalous data points. A complete
discussion of the result of this diagnosis is presented in Appendix IX.
The following problems are considered to be responsible for anomalies
attributable to the TMS operation.

3 f (a) The gross thrust computatior is not accurate at very low
thrust levels (below 5% reference thrust). A computer
overflow causes the gross thrust computed value to increase
from about 170 to 1440 1b_.. This is caused by operating
the system at thrust lvvvﬁs below its desivn livdH.
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(b) Gross thrust computation errors were observed during engine
transients. It is believed that the delay volumes do not
'Y synchronize the engine pressure data completely and
‘ erroneous computations result from using unsatisfactory
data.

(c) Reference thrust was erroneously computed as zero on eight
brief occasions. The cause of this remains undefined.

f (d) An electrical transient is believed to have caused the
reference computer to output erroneous data on five occasions
but only for single % second updates.

i (e) A design problem in the reference thrust indicator
i resulted in one indicator pointer problem such that the
pointer indicated 1607% throughout one flight.

(f) Gross thrust was computed as a value which erroneously
fluctuated by 300 to 400 pounds during three flights.
The problem was traced to pressure transducer data being
) input to the computer. The problem could have originated
in the transducer, the A/D converter or the connecting
circuit. Post-flight static transducer tests did not detect
transducer faults.

(g) The reference thrust indicator lags the engine thrust
1 during engine transients. On throttle advance the lag is
0.65 sec while on throttle retarding the lag is 0.82 sec.

This is a design limitation which can be overcome.

6.2.4 Pilot Observations and Comments

6.2.4.1 A summary of pilot observations and comments is contained in
the letter of 14 Sept 73 signed by Colonel L. H. Keelan, Commander,
AETE, which is attached as Exhibit A to this veolume. Some of the
pilot's comments include the following:

(a) The scale of the present indicator allows misreading of
the percent reference thrust.

(b) The indicated thrust value followed throttle movement
with little apparent lag.
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(c) Percent reference thrust increased approximately 147
when the auxiliary takeoff doors were opened at MIL power.

(d, Percent reference thrust remained near 1007 at MIL power
throughout the flight envelope.

(e) The TMS does not positively indicate in-flight engine
shutdown or relight.

(f) "All four test pilots agreed that a thrustmeter would be
valuable during an engine check just prior to takeoff.
They definitely desired some indication of engine thrust
for this check. One pilot with considerable EPR (Exhaust
Pressure Ratio) gauge experience believed an EPR gauge
gave equally valuable information. The other three pilots,
two with considerable EPR gauge experience, strongly pre-
ferred a thrustmeter."

(g) '"During test or functional check flights the engine
operation can be rapidly checked throughout the flight
envelope, dealing with unsubstantiated pilot comments such
as a particular aircraft 'felt underpowered'. Modifications
to aircraft engines can be easily assessed inflight with
regard to their affect on thrust output. Drag measurements
on new aircraft or new aircraft configurations, including
external stores, can be rapidly carried out throughout
the flight envelope."

(h) "For an operational pilot during flight, the raw data
displayed on the thrustmeter would appear to be of use only
as an aid in selecting cruise, climb, or descent power
settings. However, if the thrustmeter data are converted
to such information as thrust-to-weight ratio, excess
thrust (thrust minuc¢ drag), or specific energy, it may be
possible to devise come kind of display which would show a
pilot an optimum manner in which to manoeuvre his aircraft."

6.3, PRE AND POST FLIGHT TEST EQUIPMENT CALIBRATIONS

6.3.1. Systems used to measure aircraft variables were calibrated by

AETE. Calibrations were repeated regularly. Calibration data are

included in a special error analysis report presented in this volume as
Exhibit B.

6.3.2 S.E. transducers and Conrac transducers were calibrated before
being used. The S.E. transducers were calibrated in Apr 73 following
the final engine testing. Transducer calibration data are presented in
Volume T7
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6.3.3 The ComDev TMS computer and indicators were calibrated in Feb 73.
t Calibration data are in Volume TI .

6.3.4 The pre—amplifier for the Rosemount probe, the converter used in
indicating aircraft engine RPM, and the CADC were calibrated in Feb 73.
E @ ComDev specified modifications only were calibrated in the CADC.

i Calibration data are in Volume IT .

6.4 EQUIPMENT RELIABILITY

6.4.1 The thrust measuring computer and an indicator have been subjected
to environmental and electromagnetic interference testing. They were

Gaian:

E f subjected to temperature, altitude, humidity, vibration and shock

3 L testing. Magnetic, transient and radiated susceptability tests along
! with radiated magnetic field measurements were also carried out on

3 the system.

6.4.2 S.E. Laboratories (Engineering) Ltd. specify that their S.E. 40
series transducer production units will have a guaranteed minimum

4 operational life in excess of 56,940 hours Mean Time Between Failure

1 (MTBF). It is planned that three S.E. transducers will be extensively
\ tested in the ComDev laboratory in order to further assess their
applicability to the TMS.

6.4.3 The present TS computer design is a compromise between available
3 parts and parts which could be specified if a long MTBF is desired.

5 Therefore, early MIBF study data are not applicable to the prototype.

' Since the completion of environmental and electromagnetic interface

i testing, the computer system operated for 698 hours without

a component failure. One electronic integrated circuit in the TMS
interface output to the data recorder failed during bench testing in Dec
1973. This circuit would not be required except for the need of a
magnetic tape recorder for data acquisition. The TMS was serviceable at
the conclusion of the flight and ground running trials.

6.4.4 One indicator design problem (pointer indicated 160% throughout
one flight) was encountered during flight trials. The problem is explained
in Appendix IX and can be eliminated in future indicators.

6.4.5 FEngine probe life must be extended by designing more reliable
probes. The achieved life has been detailed in Section 5. Since EPR
probes are in use with many engines, it should be possible to design
reliable probes for a TMS. Diffuser strut movement relative to the
engine casing made P probe design difficult. The narrow space between
* the afterburner liner and the casing made PQG design difficult.
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Clearance between the VEN and engine casing made P design difficult in
the original a position. Using the b position seems to have made it
possible to design suitable Pq7 probes.

6.5 PROBABLE ERROR OF DATA ACQUISITION SYSTEM

6.5.1 The data acquisition system, including the sensors and recorder,
have been examined and an estimate of the probable errors in acquiring,
recording and computing data has been made. A complete report on the
study fs presented in this volume as Exhibit B. While all of the
reccorded data are of interest, only data pertaining to the operation of
the TMS need be considered here. Exhibit B reported probable errors due
to hysteresis, manufacturer's tolerance, calibration, A/D conversion

and truncation of data for recording purposes. Table VII lists the
probable errors in acquiring and recording TMS data.

Table VII: Probable Errors in Acquiring and Recording

TMS Data
Variable Probable Error

Ambient air temperature (©R) #1.5%%

Mach number (0.17 <M 571.6) +0.012

Ambient static pressure (psia) +0.077 psia
'p% - Pg, (psid) +0.081 psid

pTS - PS6 (psid) +0.054 psid

PS7 (psia) 4+0.32 psia

Recording gross tnrust (1b) +2 1b

Recording 7 ref. thrust (%) +0.02%

J
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SECTION VII
8 OPERATIONAL POTENTTIAL

£ POWER CHECK PRIOR TO TAKEOFF
7.1.1 Engine Thrust Check

7.1.1.1 A percent reference thrust indicaticn of 100%Z at MIL power indicates
that the engine is operating as an average engine as specified by the
manufacturer. Operational engines will display deviations from average
operation resulting in deviations from the 1007 reference thrust indication.
It should prove possible to specify a range of percent reference thrust
within which the engine performance is considered acceptable. The

percent reference thrust indicator will then serve as an engine monitor

and may be used as a power check instrument prior to takeoff.

7.1.1.2 Opening the auxiliary takeoff doors with a static aircraft and
MIL power engine causes an increase in indicated gross thrust of about
411 1b or about 157 reference thrust. Cross thrust decreases of about
138 1b were observed when the anti-icing was selected ON or about 100 1b
when the cabin pressure was selected ON. This suggests that the pilot
could make a pre-takeoff engine check by observing the percent reference
thrust at MIL power. An indication of approximately 1007 should be
observed. An indication of approximately 857 would remind the pilot that
the auxiliary takeoff doors had not been opened.

7.1.2 Gross Thrust Indicator as a Takeoff Aid

7.1.2.1 A gross thrust measuring system may be useful as a pre-takeoff
check instrument. Present takeoff charts are based upon predicted engine
performance and may not necessarily represent the actual engine thrust

due to trim changes or ambient conditions. Engine actual gross thrust could
be used in predicting ground roll and air run distances. Air run
distances are usually defined as the horizontal distance between the
takeoff point and the point at which the aircraft would clear a 50 ft
obstacle. A pilot could read a gross thrust indicator and know the
actual engine thrust available just prior to brake release. Non-standard
runway condition corrections could be made by means of a chart.or pocket
computer. Alternatively, a pilot may choose to use a chart and determine
a minimum safe gross thrust or safe percent reference thrust for the
takeoff conditions. In either case, the ground roll and air run distances
or the balanced field length (critical field length) would be known for
the actual gross thrust available. The TMS would then be a GO-NO-GO
indicator.

7.1.2.2 The pilot did not attempt to make maximum performance takeoffs
and climbs to 50 ft as required in acquiring data for AOI purposes.

Theodolite data were not acquired during the test. However, the above
theory has been tested by making reference to takeoff data from 11 test

flights. The pilot used an.event code to mark the recorded data at the
time of brake release. The CADC static
HO36/119/FR/1
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pressure data were used in determining the point at which the aircraft
had moved through 50 ft above the brake release pressure altitude. The
time intervals between this point and brake release were plotted in
Figure 31 against gross thrust at brake release. Data were not corrected
for non-standard conditions. A good correlation is shown for

the five MIL power cases. Afterburning reduces the takeoff time and all
the afterburning cases fall below the MIL power curve. Again, a good
agreement is indicated in four of the cases where afterburning was used
for 17 seconds. (The pilot was able to achieve a wide range of MIL
powers at takeoff by manipulating the auxiliary takeoff doors, anti-icing
and cabin pressure).

7.1.2.3 Estimated distances required from brake release to the end of
the air run were made by integrating the net thrust force over the time
interval. Net accelerating thrust was obtained by subtracting ram drag,
friction drag and airframe drag from gross thrust. The resulting net
thrust was resolved as a function of time and equated to the product of
aircraft mass and acceleration. True speeds at the end of the runs were
used in the integration in order to improve the solution. AQI data are
based upon a MIL power ground roll and an afterburner air run.

7.1.2.4 The above analysis serves only to demonstrate the feasibility
of using thrust data in determining takeoff performance. In practice,
the analysis would have to consider all the normal corrections for non-
standard conditions.

7.1.2.5 From the above analysis, it appears that the gross thrust data
may be correlated to ground roll and air run distances. Any use of
afterburning will reduce these distances. A gross thrust indicator would
present the pilot with an actual available thrust fijure for use in
predicting takeoff data.

o e CONTROL VARIABLE FOR VARIABLE THROTTLE ENERGY MANAGEMENT MISSIONS

7.2.1 The Rutowski minimum fuel climb profile includes a climb using

the power lever to control afterburning. As a result of controlling
afterburning, thrust is managed. Therefore, this section of the profile
could be defined such that the pilot would use the power lever and

control thrust directly by observing achieved thrust as indicated by a
thrustmeter. Since thrust is related directly to fuel flow, the desired
minimum fuel consumption will follow the target thrust. Thus, the
minimum fuel climb should be achieved if all other specifications are met.
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